While flavonoids can reportedly protect against cardiac ischemia-reperfusion injury, the relative effectiveness of different flavonoids and the mechanisms involved are unclear. We compared protection by different flavonoids using rat embryonic ventricular H9c2 cells subjected to simulated ischemia-reperfusion (IR) and to tert-butyl hydroperoxide (t-buOOH). Characterization of the IR model showed the relative contributions of glucose, serum, and oxygen deprivation to cell death. With long-term (2-3 day) pretreatment before IR the best protection was given by catechin, epigallocatechin gallate, proanthocyanidins, and ascorbate, which protected at all doses. Quercetin protected (34%) at 5 μM but was cytotoxic at higher doses. Cyanidin protected mildly (10-15%) at 5 and 20 μM, while delphinidin had no effect at 5 μM and was cytotoxic at higher doses. Comparing long-term and acute protection by catechin, a higher concentration was needed for benefit with acute (1 hr) pretreatment. With a pure oxidative stress (t-buOOH) only quercetin significantly protected with 3-day pretreatment, while with short-term (1 h) pretreatments protection was best with quercetin and epigallocatechin gallate. The results suggest catechins to be especially useful as IR preconditioning agents, while quercetin and epigallocatechin gallate may be the most protective acutely in situations of oxidative stress.
Introduction
Ischemia and reperfusion in the myocardium initiates metabolic and ionic perturbations, mostly as a result of oxidative stress, ultimately leading to cell demise and tissue necrosis. Although recent notions have posed myocardial cell renewal as a part of normal cardiac homeostasis [1] , cardiac cells likely have limited ability to proliferate. Hence, reducing cell death during ischemia-reperfusion is of great importance in preventing the irreversible injury.
Polyphenols and especially flavonoids are well acknowledged for their antioxidant and protective effects in circumstances of oxidative stress [2, 3] . They have also been recognized to interact with cell death-survival signaling pathways which depending on the dose may promote or inhibit apoptosis, exhibiting chemopreventive or cytoprotective effects, respectively [4, 5] .
A large body of evidence points to protective effects of flavonoids against cardiac ischemia-reperfusion injury (e.g., reviewed in Akhlaghi and Bandy [6] ). However, in most studies the cardioprotective effect of a single flavonoid has been investigated. Only one in vitro report has compared effects of a few flavonoids from two classes on ischemiareperfusion-induced cell death [7] .
One goal of the current study therefore, using cultured rat embryonic ventricular H9c2 cells, was to compare a broader variety of flavonoids. In this study, we compared flavonoids from flavonol (catechin and proanthocyanidins), catechin gallate (epigallocatechin gallate), flavonol (quercetin), and anthocyanin (cyanidin, delphinidin) classes ( Figure 1 ). Such a comparison could help distinguish which types of flavonoids might be most effective in protecting against ischemia-reperfusion injury. Ascorbate was also compared as another factor in fruit and vegetables that may help protect [8] .
A second goal was to distinguish indirect (preconditioning) effects versus direct effects. Because flavonoids may produce protection indirectly, for instance, through inducing phase 2 enzymes and endogenous antioxidant systems [9] , we compared short-term (1 hr) with long-term (2-3 day) exposure prior to the oxidative stress. The short-term pretreatment was designed to allow enough time for the flavonoids to be taken up into the cells and provide direct antioxidant or other effects during ischemia and reperfusion, but not enough time for preconditioning requiring protein induction and synthesis. The long-term pretreatment would additionally allow such preconditioning. Also, to evaluate different oxidative stimuli which may provoke different signaling cascades [10] , we compared simulated ischemiareperfusion with exposure of the cells to tert-butyl hydroperoxide (t-buOOH).
Materials and Methods

Materials.
Quercetin, (+)-catechin, epigallocatechin gallate, gallic acid, caffeic acid, resveratrol and sodium ascorbate were purchased from Sigma. Delphinidin and cyanidin were from Extrasynthèse SA (Genay Cedex, France). Activin Grape Seed Extract (95% proanthocyanidins) was from Trophic Canada Ltd.
Cell Culture. Rat embryonic ventricular cells, H9c2
(American Tissue Culture Collection, Manassas, VA), were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 1.5 g/L NaHCO 3 and 1.0 g/L glucose, supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 U/mL streptomycin. Tissue culture flasks were kept at 37
• C in a humidified atmosphere of 5% CO 2 . The medium was changed every 2-3 days and the cells were subcultured regularly. For experiments, cells were cultured on 96-well plates, kept in DMEM with 10% FBS until confluency, and then were switched to DMEM with 2% FBS.
Treatment with Flavonoids.
Confluent cells were treated with various concentrations of flavonoids (in dimethyl sulfoxide) for different time courses prior to induction of ischemia or incubation with t-buOOH. The concentrations were those that could be achieved in plasma with acute or long-term dietary supplementation (5-10 μM at high levels) [11] [12] [13] and supraphysiologic concentrations that could be administered intravenously or added to cardioplegic solutions in situations such as coronary bypass surgery or heart transplant. The concentration of dimethyl sulfoxide in DMEM was kept equal to or less than 0.05% v/v. The concentrations of ascorbate used were those normally in plasma (∼100 μM) and those that can be achieved with supplementation (up to 250 μM) or intravenous administration [14] .
Ischemia-Reperfusion.
To induce ischemia, after removing DMEM, cells were washed twice with phosphate-buffered saline (PBS) (140 mM NaCl, 2.7 mM KCl, 8.1 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 , pH 7.3) and covered with 100 μL of ischemia-mimetic solution containing 140 mM NaCl, 1.25 mM CaCl 2 , 1 mM MgCl 2 , 8 mM KCl, and 6 mM HEPES, pH 6 [15] . The ischemia solution was bubbled with 100% nitrogen gas for at least 30 min before adding to the cells. The cells were placed in a 37
• C modular hypoxia chamber, and the chamber was flushed with nitrogen gas for the initial 1.5 h of ischemia and sealed for the rest of the ischemic period. The time course of flushing (1.5 h) was chosen according to the initial experiments when the atmosphere of the chamber was tested with the oxygen indicator methylene blue. The ischemia was established for 5 h followed by reperfusion for 18 h. For reperfusion, the ischemia solution was replaced with DMEM (with 2% FBS) containing 300 mg/L NaHCO 3 and flavonoids (if any), and the plates were placed in the same chamber as the control plates. In preliminary experiments, we determined that 300 mg/L NaHCO 3 was sufficient to keep the pH at 7.4 during the 18 hr reperfusion in room air (with <0.1% CO 2 ). Cells in control (nonischemic) groups experienced the same procedures including washing steps, and the DMEM was replaced with fresh DMEM containing 300 mg/L NaHCO 3 . Control plates were kept at 37
• C in a humidified chamber containing ambient air throughout the experiment. Those wells in the control plate which had been treated with flavonoids were treated the same during the experiment.
Treatment with Tert-Butyl Hydroperoxide.
In hydroperoxide experiments, after treatment with flavonoids or ascorbate, cells were incubated with 400 μM t-buOOH for 24 h before cell viability assessment.
MTT (3-(4,5-
The method used was a modification of the method used by Denizot and Lang [16] . After reperfusion, the medium was removed and the cells were washed twice with PBS to remove residual flavonoids. Then, 100 μL of solution containing 140 mM NaCl, 1.25 mM CaCl 2 , 1 mM MgCl 2 , 6 mM KCl, 10 mM glucose, and 6 mM HEPES, pH 7.4 was added to each well, and the cells were incubated at 37
• C with final concentration of 0.5 mg/mL MTT (in PBS). After 1 h, the solution was removed and purple formazan crystals were solubilized in 100 μL dimethyl sulfoxide for 15 min, and the absorbance was determined at 570 nm using an absorbance spectrophotometer.
Microscopic Determination of Cell Viability.
To facilitate counting, the cells were incubated with a final concentration of 4 μg/mL acridine orange (in PBS) added to the medium [17] . After 1 h, the medium was aspirated, the cells were washed with PBS, 100 μL of the above-mentioned solution containing 140 mM NaCl, 1.25 mM CaCl 2 , 1 mM MgCl 2 , 6 mM KCl, 10 mM glucose, and 6 mM HEPES (pH 7.4) was added to each well to maintain the cells alive, and the cells were visualized using a fluorescence microscope. As dead cells were washed away during the washing process, the only cells observed on the microscope were live cells. A specific area from each well with a magnification of 10x was chosen for imaging.
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH).
The activity of GAPDH was used as an indicator of cell death. The activity of GAPDH released into the medium was measured using aCella-TOX kit according to the manufacturer's instructions.
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Statistics.
Data represent means ± SEM. Statistical analyses were performed with SPSS software using one-way analysis of variance (ANOVA). As a post hoc test, 2-sided Dunnett was used to compare treatments with either nonischemic control (named as control in graphs) or ischemicreperfused control (named as IR in graphs). In nonischemia conditions, flavonoid treatments were compared with the nonischemia control, while in ischemia-reperfusion conditions, flavonoid-treated groups were compared with the IR control. A P value of less than 0.05 was considered significant.
Results
Ischemia-Reperfusion Experiments.
Cell death in this model occurred as a result of hypoxia, serum removal, and glucose deprivation ( Figure 2 ). Each of these factors contributed to cell death, with lack of oxygen contributing 34% (100 × (MR/R−I/R)/(Control−I/R)), lack of glucose contributing 24% (100 × (HSR/R−I/R)/(Control−I/R)), and the lack of FBS contributing 42% (the remaining proportion of cell death). Three-day pretreatment with different concentrations of flavonoids showed little or no protection by quercetin, cyanidin, or delphinidin ( Figure 3 ) and notable protection by catechin ( Figure 3 ). Concentrations of 5 to 50 μM catechin improved cell viability by 21 to 58 percent, while cyanidin gave significant mild protection (10-15%) at 5 and 20 μM.
Because catechin gave the strongest protection, we conducted additional experiments comparing different catechins (epigallocatechin gallate and a proanthocyanidin mixture) ( Figure 4 ). Like catechin, concentrations of 5 to 100 μM epigallocatechin gallate and proanthocyanidins also gave 28 to 49 and 22 to 44 percent protection, respectively, which in some concentrations was statistically significant (Figure 4) .
To see if the length of pretreatment is effective in the protection observed, catechin was tested in short-(1 h) and long-(2-3 days) term pretreatments. Whereas in long-term (2-3 days) applications concentrations of catechin as low as 5 to 10 μM exhibited almost 50% protection (Figures 4 and 5) , in short-term (1 h) pretreatment 50 μM catechin gave a 98% improvement in cell viability, while 10 μM catechin showed nonsignificant protection ( Figure 5 ). Sodium ascorbate also gave significant protection (57-92%) at all concentrations tested ( Figure 6 ).
Hydroperoxide Experiments.
To investigate any differences between protection against ischemia-reperfusion and a pure oxidative stress, experiments were conducted with t-buOOH. The cells were pretreated for 3 days with a concentration of 25 μM of flavonoids. Except quercetin which exhibited 46% protection against cell death caused by t-buOOH, none of the other compounds protected cells at this concentration and time course of treatment ( Figure 7) . Conversely, some compounds, that is, cyanidin, delphinidin, epigallocatechin gallate, and proanthocyanidins worsened cytotoxicity in the presence of t-buOOH after 3-day pretreatment. Short-term (1 h) pretreatment however did not produce cytotoxicity even when a higher concentration of flavonoids was used (Figure 7) . With short-term incubation, epigallocatechin gallate gave cytoprotection (66%) rather than cytotoxicity, and it along with quercetin was the only compound that inhibited t-buOOH-induced cell death, increasing cell survival by 66 and 95 percent (Figure 7) .
The protective effect of epigallocatechin gallate and quercetin on H9c2 cells against t-buOOH was confirmed when the medium was tested for released glyceraldehyde-3-phosphate dehydrogenase ( Figure 8) .
As short-term exposure to catechin protected at a higher concentration in the ischemia-reperfusion model ( Figure 5 ) but did not protect at 25 μM in the t-buOOH experiments (Figure 7) , an experiment was performed using different concentrations of catechin along with a comparison between catechin and epigallocatechin gallate. Catechin did show significant protection against t-buOOH but only at 100 μM ( Figure 9 ). Epigallocatechin gallate showed stronger protection and protected significantly at 50 μM and 100 μM (Figure 9 ).
Discussion
The main objective of the ischemia-reperfusion study was to compare the protective effects of flavonoids against cell death caused by ischemia-reperfusion. An in vitro model of ischemia-reperfusion [15] Figure 3: Protection compared to IR control in H9c2 cells pre-treated for 3 days with catechin, quercetin, cyanidin, and delphinidin before exposure to ischemia-reperfusion. Confluent cells were kept in 2% FBS-DMEM for 6 days including 3-day pretreatment with different concentrations of the flavonoids, and then ischemia and reperfusion were established according to the procedure described in Section 2. The flavonoids were also present during the reperfusion time. For the experiments with catechin and delphinidin, the number of live cells was counted after staining cells with acridine orange. For the experiments with quercetin and cyanidin, viability was measured by the MTT method. Data are expressed as the percent protection compared to the nonischemic and IR controls. Points are means of 4-5 wells ± SEM. * Represents P < 0.05 versus the control ischemic-reperfused condition. In the control condition (4 days total treatment without ischemia) 40-50 μM quercetin or delphinidin showed significant cytotoxicity (inhibiting cell growth by 25-55%), while lower concentrations did not (results not shown).
( Figure 2) showed that death of H9c2 cells occurred as a consequence of serum removal, hypoxia, and glucose deprivation. The process of cell death caused by serum removal reportedly involves mitochondrial dysfunction [18] that leads to increased production of reactive oxygen species [18, 19] . Thus, up to 76% of the death which occurred after FBS and oxygen deprivation may have been related in some way to oxidative stress, with the remaining 24% from glucose (energy) deprivation. In addition, serum removal causes release of Ca 2+ from endoplasmic reticulum [20] , resulting in cellular Ca 2+ overload, one of the prominent consequences of ischemia-reperfusion [21] . Thus, the serum withdrawalinduced changes in reactive oxygen species and cellular Ca 2+ resemble those that happen in in vivo conditions of ischemiareperfusion. Interestingly, hypoxia reoxygenation alone (without serum and glucose deprivation) did not decrease cell number (last bar in Figure 2 ). However, this does not necessarily mean that no cell death occurred in this group, Figure 3 but with an additional point at 100 μM), epigallocatechin gallate, or proanthocyanidins, and then ischemia-reperfusion groups were exposed to 5 h ischemia followed by 18 h reperfusion. Catechin, epigallocatechin gallate, or proanthocyanidins were present during the reperfusion time. The number of live cells was counted after staining cells with acridine orange. Data were expressed as percent protection against cell death in treatment groups compared to the control nonischemic and ischemia-reperfusion conditions. Each point represents means of 3-4 wells ± SEM. * , † , and ‡ Show P < 0.05 versus nontreated ischemic-reperfused condition for catechin, epigallocatechin gallate, and proanthocyanidins, respectively. There were no significant effects of the flavonoids on growth and viability of the cells under the control (non-IR) condition (data not shown).
as both apoptosis and cell proliferation have been reported to be stimulated by hypoxia reoxygenation [22] .
Among the tested flavonoids, those with a catechintype structure (catechin, epigallocatechin gallate, and proanthocyanidins) inhibited cell death induced by simulated ischemia-reperfusion. Notably, the catechins were present for 3 days prior to ischemia-reperfusion, allowing adaptations such as induction of phase 2 and antioxidant enzymes as previously observed [23, 24] , as well as during ischemia and reperfusion, allowing direct antioxidant effects. These results support previous findings of protection by catechins in models of ischemia-reperfusion in vitro and in vivo [25] [26] [27] [28] [29] . It has also been reported that epigallocatechin gallate can inhibit apoptosis induced by serum removal in cultured neurons [30] , suggesting that this flavonoid is capable of inhibiting at least this component of ischemia-reperfusion injury in cultured cells.
Interestingly, in long-term exposure prior to ischemiareperfusion dose response measurements did not show concentration as a factor (at least above 5 μM) in protection µM Asc Figure 6 : Effects of 3-day pretreatment with sodium ascorbate (Asc) against ischemia-reperfusion-induced cell death in H9c2 cells. Confluent cells were maintained in DMEM with 2% FBS for 6 days including 3-day pretreatment with different concentrations of ascorbate, and then ischemia-reperfusion groups were exposed to ischemia and reperfusion. Ascorbate was also present during the reperfusion time. Cell viability was determined using a microscope after staining the cells with acridine orange. Bars are means of 4-5 wells ± SEM. * Indicates P < 0.05 compared to the nontreated ischemic-reperfused group (IR). There were no significant effects of ascorbate on growth and viability of the cells under the control (non-IR) condition. Long-term pretreatment: cells were kept in DMEM with 2% FBS for 3-day treatment with 25 μM of different flavonoids or 100 μM sodium ascorbate prior to incubating with 400 μM t-buOOH for 24 hr. Live cells were then counted after staining with acridine orange. Short-term pretreatment: cells were kept in DMEM with 2% FBS for 3 days, and treated with 50 μM of different flavonoids or 100 μM sodium ascorbate for 1 h. After the treatment periods, cells were incubated with 400 μM t-buOOH for 24 h, and live cells were counted after staining with acridine orange. Bars show the percent protection upon treatment with flavonoids or ascorbate after incubation with t-buOOH. Asc: ascorbate; Cyan: cyanidin; Del: delphinidin; Cat: catechin; EGCG: epigallocatechin gallate; PC: proanthocyanidins; Quer: quercetin. * Indicates P < 0.05 versus non-treated t-buOOH group.
exhibited by the catechins (Figure 4) . In contrast, 50 μM but not 10 μM catechin was able to protect the cells with short-term pretreatment ( Figure 5 ), suggesting that higher levels are required for direct antioxidant effects. It seems likely that direct antioxidant effects are dose dependent in this range because the antioxidant is competing with cellular components for the reactive species. With adaptive protection due to long-term exposure the response may be amplified through induction of antioxidant enzymes and thus occurred with lower levels of flavonoid. That the protection was already maximal at 5 μM with long-term preexposure suggests that indirect adaptive responses have predominated in this condition.
Quercetin and one of the two examined anthocyanins (cyanidin) showed protection at a relatively low dose (5 μM) against ischemia-reperfusion with long-term pre-exposure, but at higher concentrations quercetin (and delphinidin) exhibited cytotoxicity in control (data not shown) and IR conditions. Quercetin [31, 32] and anthocyanins [33] [34] [35] have previously been reported to provide protection in models of ischemia-reperfusion. However in the current study they were not as effective as catechins, and with quercetin and delphinidin in particular they showed a potential for cytotoxicity in the absence of ischemiareperfusion.
Ascorbate also showed strong protection against ischemia-reperfusion in this model with long-term exposure. Part of this protection may have been through pre-conditioning, as ascorbate oxidizes in cell culture media to produce H 2 O 2 [36] and thereby may induce antioxidant enzymes in cultured cells. This result with ascorbate in the current model is consistent with previous findings of protection by ascorbate against other types of ischemia-reperfusion in vitro [37] and in vivo [38, 39] .
In this ischemia-reperfusion model we tested whether catechin showed protection in short-term as well as longterm pretreatment. A low concentration (i.e., 10 μM) of catechin protected if left with the cells for prolonged preincubation times (in the day range), while a higher concentration (i.e., 50 μM) was needed to protect with shortterm (1 h) pretreatment. The reason for protection in the short-term pretreatment could be a direct antioxidant effect of catechin. In long-term pretreatments most of the catechin may have been oxidized during regular cellular metabolism and due to factors such as transition metals present in the medium [36] , which thereby may provide pre-conditioning. These results are in keeping with those of Chang et al. [7] where protection of chick embryo cardiomyocytes by 25 μM catechin or procyanidin B2 was much more effective with long-term (72 hr) pretreatment than with treatment during ischemia or reperfusion.
If not much antioxidant activity from catechin remained after 2-3-day pretreatment, why was protection observed? One possibility is that oxidized forms of catechins generated during long-term pretreatment activated specific signaling pathways involved in induction of endogenous antioxidants [40] . Consistent with this supposition, Du et al. [23] found that 24 h incubation of H9c2 cells with 50-100 μM (but not 25 μM) catechin or proanthocyanidin B 4 increased endogenous cellular antioxidants (glutathione) and antioxidant enzyme activities (superoxide dismutase, glutathione Stransferase, and catalase) and mitigated cell death caused by the xanthine oxidase system [23] . Consistent with such a preconditioning effect, we observed that feeding rats green tea catechins for 10 days prior to subjecting the isolated hearts to ischemia-reperfusion helped to protect the hearts from oxidative cell death along with maintaining relatively higher levels of phase 2 enzyme activities [24] .
Using t-buOOH we compared the extent to which the different flavonoids protected against a pure oxidative stress. In the ischemia-reperfusion model, long-term treatment with the catechins protected, as did short-term treatment with a higher concentration of catechin. However, in tbuOOH-induced cell death the protection was only observed with short-term (1 h) pre-incubation with epigallocatechin gallate, while long-term (3 days) preincubation with epigallocatechin gallate or proanthocyanidins intensified the cytotoxicity of t-buOOH. This paradox may be related to the oxidation products of catechins, which include unstable dimer quinones [41] , and would accumulate during long-term treatment. If such products become cytotoxic in reactions with t-buOOH it could account for the detrimental effects.
With quercetin, while significant improvement in cell viability was observed in ischemia-reperfusion experiments only at 5 μM, it displayed the best protection against t-buOOH. This result suggests that quercetin may be the most effective as a direct-acting antioxidant, while the catechins may invoke other pathways.
Contrary to quercetin, ascorbate protected against ischemia-reperfusion but not against t-buOOH. One possible explanation for the lack of protection of ascorbate against t-buOOH is that ascorbate causes decomposition of organic hydroperoxides to cytotoxic species [42] . This diverse behaviour by flavonoids or ascorbate in different conditions of oxidative stress suggests that flavonoids and in general antioxidants may target an expanded number of signaling pathways within the cell. Different stimuli may engage different signaling pathways. As flavonoids differ in their chemical structure they probably vary in their interaction with these signaling pathways. If due to their structure some flavonoids work in broader signaling pathways, then they may have a capacity to show more extensive biological properties. In our study such a capacity was observed with epigallocatechin gallate which revealed to be effective against both ischemiareperfusion and t-buOOH (although in the latter only with short-term pretreatment). As catechin and proanthocyanidins were also helpful for alleviation of ischemia-reperfusion damage but failed to protect as well as epigallocatechin gallate, it is likely that the catechol ring can provide protection against ischemia-reperfusion, while the gallic acid moiety was important to combat against t-buOOH. More flavonoids exist in nature or can be synthesized which may have expansive capacities. Additionally, it is always possible to benefit from cotreatments. For instance, one might achieve better protection upon coadministration of quercetin with catechins in uncertain conditions of stress, especially in in vivo situations where cells are exposed to a variety of oxidants and stress stimuli.
In conclusion, the results support the possibility that catechins, which are richly present in teas and seeds, have the capacity to act as pre-conditioning agents to help protect heart cells from ischemia-reperfusion injury. Such preconditioning effects can occur at relatively low concentrations, while higher levels, which may be difficult to achieve through diet, are needed for direct antioxidant effects. In acute situations of oxidative stress quercetin and epigallocatechin gallate were the most potent antioxidants among the flavonoids tested. Directions for future research include investigations of the mechanisms involved, the roles of flavonoid metabolites, and potential synergisms with different flavonoids and with other antioxidants.
